High concentrations of particulate matter are frequently reported in submarine canyons. This study demonstrates that in Baltimore submarine canyon, elevated concentrations result from periodic resuspension events. The sloping bottom and V-shaped topography of submarine canyons could accelerate tidal flows in the canyon axis sufficiently to cause resuspension, which occurs predominantly at tidal frequencies. However, current meter and transmissometer data show that resuspension events are often associated with a borelike intrusion of cold water moving upslope near the canyon head; an event that is consistent with the focusing of internal wave energy toward the canyon head at tidal frequencies. Hydrographic conditions for the focusing of energy are most favorable in late winter and early spring when stratification in the canyon is diminished; direct observations reveal that the most pronounced resuspension events occur during those seasons. Bottom stresses generated in the canyon are sufficient to resuspend sediment along the axis at least between 200 and 800 m, with little resuspension occurring deeper along the axis, on the canyon walls, adjacent slope, or shelf. During a resuspension event, the sediment-laden water is forced upcanyon, then sloshes back down the canyon until it reaches a layer of higher-density water, detaches from the canyon floor, and moves seaward along a density surface. This is a means of transferring sediment and associated pollutants intercepted at the canyon head to deeper water, across the shelf-slope front. Over geologic time, frequent resuspension and seaward transport may aid in the headward erosion of submarine canyons, or at least inhibit their infilling during interglacial times.
A general description of the data from all our moored transmissometers in and around the canyon is given by Gardner [1989] . Attention is focused here on records from three specific locations to examine causes and effects of pronounced resuspension events in the canyon axis. Sites C and E were at about 275 and 600 m in the upper canyon axis, where resuspension events were most common. Sitg F was on the canyon wall at 600 m at a point normal to where the canyon axis is 1000 m deep (Figure 1 ).
Sites C and E were separated along the canyon axis by only 10.3 km, but there were marked differences in the velocity, temperature, and c variations as well as the net water and sediment transport. The semidiurnal tide was the dominant component of the currents at both sites, reaching maximum speeds twice during each tidal cycle:. once upcanyon and once downcanyon (Figures 3-5) . At site C, PMC increased during both flood and ebb flow (Figure 6 ), but the flood tide increases were much larger than ebb tide increases, even though the opposite would be expected from relative current velocities. PMC at site C increased an order of magnitude above the background level in less than 5 min (Figure 6 ). PMC then dropped sharply to a concentration 3-5 times background and continued to decrease as flood tide reversed to ebb flow.
Ebb flow produced significant, but much smaller PMC incleases that changed more gradually (Figure 6 ).
During times when beam attenuation was low and steady, the temperature at site C (275 m) was 10ø-11øC. During flood tide, when PMC increased abruptly, the temperature often dropped 2ø-4øC between consecutive 10-min sampling periods (Figure 6 ). Later measurements indicated this drop occurred in less than 2 min. The water remained cold until the ebb tide brought warm water back down the canyon, but the return of warm water was more gradual than the flood of cold water up the canyon.
Currents at site E (600 m) were generally stronger during flood tide than during ebb fide; yet PMC values were roughly equal during flood and ebb tide (Figure 4) . The PMC peaks often appear as couplets of nearly equal strength with the first peak occurring during ebb fide, the second peak occurring at the beginning of flood fide, and clearest water at peak flood (Figure 4 ; days 40.5-42.5).
The increases, however, did not have the sudden onset observed at site C. The temperature record was also markedly different from that at site C in that there was a small (lø-2 ø) gradual temperature drop during the flood tide rather than the precipitous drop in temperature observed at site C. A peak in temperature occurred at slack water between ebb and flood fide, and the PMC peaks were just before and after the temperature peaked. The water residing at E tended to be cold with short periods of warm water, while at C the water was warm with short periods of colder water (Figures 4-6) .
The flow upcanyon and downcanyon existed year round, but the rapid temperature changes were largest in late winter and early spring. By June the strong tidal PMC peaks and drops in temperature at site C began to that whether or not the current meter was within the log layer, either equation will yield similar predictions of the speed at which resuspension should be expected. exceeded during nearly all ebb and flood flows for the sandy sediment found at sites C and E. Sediment was much finer grained at site F than at C or E and should require lower threshold velocities for resuspension, but it is clear that the differences in sediment size at sites C, E, and F are more likely a result than a cause of the differences in resuspension cycles at these sites. We will now examine possible causes for differences in hydrodynamics at these sites. 
Accelerated Flow in Canyon Axis
The fides are primarily responsible for the current oscillations, but they do not explain why currents, temperature, and PMC can change so rapidly in the canyon axis at depths of 600 m or less but not at 1000 m to 1500 m in the axis or on the canyon wall. The canyon must also play a major role in focusing and intensifying the tidal energy in the axis towards the head of the canyon. Other investigators have observed oscillatory flow within submarine canyons at both tidal and other frequencies [Keller and Shepard, 1978; Shepard et al., 1979] . Klinck [1988] has shown that geostrophic flow over an idealized narrow canyon could cause flow within a canyon, but this mechanism would require much stronger transverse oscillatory flows over the canyon than we observed to account 1986]. Nevertheless, the intrusion of a cold water bore would also explain why the temperature drop was so rapid at site C; the temperature gradient across the front of the bore would be large. Following this scenario, it would appear that the bore achieves full development upslope from 600 m, since temperature and c at site E do not exhibit the sudden decrease and increase respectively (Figures 4 and 6) . Note that upcanyon velocities tend to be larger at site E than at site C; yet the maximum c tends to be larger at site C. reversed and moved downcanyon a second peak in c occurred at site E that resulted from both sediment resuspended during the upcanyon surge and potentially from further erosion of the downcanyon flow. Curiously, the peak in c during downcanyon flow was seldom as large at site C as at site E, even though downcanyon flows were generally stronger at C than at E. A possible influence will be discussed later.
The accelerated flow and movement of resuspended sediment appear confined within the canyon; a mooring at 110 m on the shelf just landward of the canyon head showed little evidence that water or sediment moved onto the shelf. It is possible, however, that the headward flow in the canyon generates some degree of upwelling at the canyon head, accounting for the increased productivity and fishing around the canyon head.
During lab experiments, Southard and Cacchione An unknown factor in the hydrography of canyons is the behavior of the shelf/slope front when it encounters irregular topography such as a submarine canyon. The front in this region is retrograde and acts as a barrier between shelf water and slope water [Pietrafesa, 1983] . By focusing internal waves, submarine canyons could serve as leaky holes in the shelf/slope front through which water and associated particles, pollutants, nutrients, or other properties could be exchanged. In the conservative case, 10 m is not a great distance, but the fact that particle resuspension and subsequent downslope movement can occur twice daily means that significant transport could occur in this manner. In addition, the cold water that moved up the canyon with the internal bore might have enough inertial energy as the backwash moves down the canyon to penetrate further than the density gradient would normally allow. In either case, once the equivalent density level is reached, the particle-laden water can move seaward along isopycnals (Figures 2b and 7) , and particles are carried over much deeper water before they settle out. With the obvious exceptions of turbidity currents and mass slumping, isopycnal transport is likely to be the most significant factor in moving particles down and out of the canyon. Over geologic time this frequent resuspension and seaward advection may also aide in the headward erosion of submarine canyons described by Farre et al. [1983] , or at least in preventing canyons from filling in during interglacial times [Gardner, 1989] .
Secondary Reasons for Rapid Changes in PMC
It is worth noting that the above calculations for excess water density were for particles whose specific gravity was 2.5 g cm -3. Excess density can be calculated Seepage. Regarding the second question, seepage either into or out of the bed modifies the flow in the boundary layer above the bed. Seepage out of the bed increases the sublayer thickness, decreasing hydraulic roughness, which decreases the drag force on the bed [Watters and Rao, 1971 ]. In addition, seepage modifies the drag and lift forces on individual particles owing largely to wake modifications behind the particles. Watters and Rao [1971] found that seepage out of the bed decreased the drag forces on a particle whether the particle was in or on top of the bed plane (thereby inhibiting motion). Seepage out of the bed increased lift forces for particles in the bed plane (aiding particle motion) but decreased the lift forces on particles above the bed plane (inhibiting particle motion), contrary to expectations. Turcotte [1959] quantified the change in bed shear stress by seepage as follows:
'Cs = 'Co -PVs (13.9 u,) where 'Cs is the shear stress with seepage, 'Co is bed shear stress without seepage, p is density, V s is seepage velocity, and u, is bed shear velocity defined as ('Co/p)l/2. Oldenziel and Brink [1974] obtained results which conflict with those of Turcotte [1959] and Watters and Rao [1971] when they tested very low seepage velocities (1-80 x 10-3 cm s-1) with sands from 130 to 570 I. tm and found that seepage out of the bed increased the rate of sediment transport while seepage into the bed decreased it. I will consider seepage rates after we quantify the depth of penetration of temperature changes that might affect seepage.
Thermal gradients. The magnitude of the temperature change with depth can be quantified by using heat flow equations discussed by Carslaw and Jaeger [1959] and applied by Von Herzen et al. [1974] . Our data show a quasi-sinusoidal variation in temperature at the sediment surface. The change in temperature with depth is described We measured temperature changes in the bottom water and can therefore calculate the depth to which pure conduction will affect the in-situ temperature, but we did not measure the seepage velocity, and find no experimental data to predict its magnitude based on low temperature gradients. Riedl and Ott [1982] It is emphasized here that the bottom shear stresses derived from the measured upcanyon and downcanyon flow were usually sufficient to resuspend sediment. However, the temperature inversion within the surface sediment may enhance or inhibit resuspension and could help to explain temporal and spatial differences in resuspension concentrations versus bottom shear stresses in the canyon. For example, at site C, why were PMC values often higher during flood than ebb flow, even though ebb tide currents were generally faster? Unfortunately, current velocities changed so rapidly that steady state shear stresses were seldom established for precise analysis of threshold values. [Cairnes, 1967; Winant, 1974] .
It should be noted that the type of resuspension events described here were not observed in Quinault Canyon off Oregon during similar studies of that canyon Hickey et al., 1986] . Unlike most submarine canyons, the Quinault Canyon system opens up to a very wide canyon head rather than the typical narrowing V shape. Thus the canyon topography is an important variable in flow dynamics within a canyon.
CONCLUSIONS
Sections of c in Baltimore Canyon and on the slope to either side of the canyon confh'm that particle concentrations are higher within the canyon than on the slope. Based on theoretical and laboratory studies of Cacchione and Wunsch [1974] and Baines [1983] , the best explanation for the phenomena observed in Baltimore Canyon is that energy from internal waves is being focused toward the head of the canyon. When the ratio of the bottom slope and the slope of the incoming internal wave rays is less than 1 (most likely when stratification is low), a bore of cold water can be generated which moves up the canyon floor. The turbulence and high shear stresses resuspend large amounts of sediment which are then carried downcanyon as the water sloshes back downslope until it reaches a layer of higher density water (Figure 7) . The sediment-laden water then detaches from the bottom and moves seaward. Resuspension near site C may be affected (either enhanced or inhibited) by movement of pore water into the bottom boundary layer as a result of rapid intrusion of cold water over warmer sediment and pore waters, but this condition is not necessary to explain the major resuspension events. Further study is needed to verify and quantify pore water movement. The phenomena described in this paper are likely to occur in any submarine canyon of similar V-shaped topography whenever the proper ratio of ¾/s is achieved. This process could help exchange particles, pollutants, or nutrients across the shelf/slope front. Over geologic time this phenomenon may also aide the headward erosion of submarine canyons or prevent them from filling in during interglacial times.
